Abstract: Acoustic technology is an accepted and important component of aquatic research and resource management. Despite the widespread use of echosounders, few guidelines aid in the choice of appropriate sonar system parameters for acoustic surveys. Choice of acoustic carrier frequency is analogous to the choice of spotlight colour used to illuminate a painting. Three primary biological factors influence the scattering of sound by aquatic organisms: swimbladder presence, organism length, and organism behaviour. We illustrate the influence of these factors on the amplitude of backscattered echoes using a Kirchhoff-ray mode scattering model to quantify fish and zooplankton backscatter as a function of carrier frequency, fish length, and swimbladder aspect. Model results illustrate that echo amplitudes from aquatic organisms are largely dependent on the presence or absence of a swimbladder. Target strengths generally increase with increasing carrier frequency and organism length. Swimbladder angle relative to the incident sound wave affects scattering amplitudes at all frequencies. Measurements of backscatter from swimbladdered fish are relatively robust when the ratio of fish length to acoustic frequency wavelength ranges between 2 and 10. As fish length to frequency wavelength ratios increase, echo amplitudes become more dependent on aspect and peak when the swimbladder is perpendicular to the acoustic wavefront.
Introduction
Recent advances in sonar technology have increased the use of acoustic data in aquatic ecosystem research and in the management of harvestable resources. Federal governments, including Canada (cf. McFarlane and Kieser 1993) , are increasing resources for use in acoustic research and surveys. These surveys quantify distributions, densities, and sizes of organisms through the entire water column over large geographic areas. Accurate conversions of acoustic data to population estimates require an understanding of the acoustic scattering properties of fish and invertebrates. Population estimates are based on theoretical, empirical, and statistical models of backscattering cross section or target strengths of aquatic organisms. We propose that the integration of theoretical acoustic models with empirical measures of backscatter forms a logical approach to understanding the biological scattering of sound.
Models and measures of acoustic scattering by zooplankton, fish and their swimbladders are continuously evolving (Table 1) . Zooplankton have been modeled as fluid-filled spheres and bent, fluid-filled cylinders. Early swimbladder models were based on gas-filled spherical or spheroid bubbles and gas-filled cylinders. The fish body was first modeled as a gas-filled sphere, which ignored the shape of the animal.
Arrays of point scatterers have also been used to model the fish body form. More anatomically correct models use fluidfilled cylinders for zooplankton or a combination of gas-and fluid-filled cylinders for fish. Empirical scattering models of fish and zooplankton are derived using backscattered echo measurements and scattering lengths of caged, tethered, or free-ranging organisms. Statistical models of fish backscatter assume a theoretical, or tabulate an empirical, probability density function (PDF) of scattering amplitudes within an insonified beam.
The diversity of acoustic backscatter models and the range of commercially available sonar frequencies emphasizes the need for a general acoustic model of aquatic organisms. Simple geometric shapes regularly used in theoretical acoustic models inadequately represent asymmetrically shaped swimbladders (Foote 1985) . Moreover the presence, structure, and orientation of swimbladders in fish is species dependent Foote 1983 Foote , 1986 Foote et al. 1990 Tethered Smith 1954 Hasimoto and Maniwa 1956; Harden Jones and Pearce 1958; Nakken and Olsen 1977; Foote 1983 In situ Traynor and Ehrenberg 1979; Foote 1987; Foote and Traynor 1988; Rose and Leggett 1988 Statistical Craig and Forbes 1969; Ehrenberg 1972; Peterson et al. 1976; Robinson 1978; Clay 1983 © 1998 NRC Canada (cf. Jones and Marshall 1953; Whitehead and Blaxter 1964; Alexander 1970 ). An ideal, general model must accurately represent anatomical structures of a large number of fish and zooplankton species, be applicable over wide ranges of organism lengths and acoustic frequencies, and include lowfrequency resonance for species containing a swimbladder or other gas filled organ. Despite the long awareness of frequency-dependent scattering by aquatic organisms (e.g., Hersey and Backus 1954; McNaught 1968 McNaught , 1969 , few general guidelines aid in the selection of sonar frequencies and other system parameters for bioacoustical research. One rule of thumb commonly used by fisheries scientists is "the smaller the organism, the higher the frequency." This strategy is based on observations that echo amplitudes from zooplankton decrease rapidly when the wavelength of sound, λ, is greater than the circumference of the organism (Anderson 1950; McNaught 1968 McNaught , 1969 Greenlaw 1979) . This results in larger echo amplitudes at high frequency (i.e., short λ) compared with echo amplitudes from the same organism observed at low frequency (i.e., long λ).
Aquatic organisms scatter sound in a complicated matter, and this general guideline is not without caveats. Simply increasing the carrier frequency will not avoid additional complications caused by frequency-dependent scattering. Martin et al. (1996) showed that target strengths of decapod shrimp decreased 10 dB when the carrier frequency was increased from 400 to 500 kHz. To address this problem, Greenlaw (1977) and Holliday and Pieper (1980) used simple theoretical models and measures of zooplankton backscatter to demonstrate that multiple frequency sonar data can be used to measure sizes of individuals and identify constituent species within zooplankton aggregations. A second limitation is the ability of an echosounder to resolve individual targets within the sonar beam. Increasing the carrier frequency of an echosounder reduces the wavelength and potentially increases target resolution. Unfortunately, an increase in frequency without an increase in transmission power reduces the effective range of the echosounder. Assuming negligible transducer motion, the ability to separate echoes from a pair of targets is dependent on the effective ping duration of the sonar system and the speed of sound in water. The minimum resolvable distance between two targets is equal to one-half the effective ping duration multiplied by the sound speed. Minimum ping duration of a sonar system is determined by the resonant frequency of the transducer and a quality factor of the transducer, Q. Most transducers are like bells, they transmit 10-20 cycles of sound at their resonant frequency with decreasing amplitude after being excited. Highfrequency transducers typically have shorter minimum ping durations than low-frequency transducers. However, if two echosounders have different frequencies but the same effective ping duration then the resolution of the two systems is the same.
Sound-scattering characteristics of swimbladdered fish differ from those of similar sized zooplankton. Gas-filled swimbladders resonate sound at wavelengths, λ, that are many times larger than the length of the fish, L. The backscattering cross section, σ bs , from any fish is dependent on acoustic carrier frequency over a large range of L/λ. Furusawa (1991) recommends that a value of L/λ Ն 2 provides relatively robust measures of sound scatter by aquatic organisms.
Logistic constraints, such as the size of a transducer or the required depth of observations, may influence the choice of acoustic carrier frequency, but we believe that organism morphology and behaviour should be included in the criteria used to select carrier frequency. Sonar carrier frequencies commercially available for fisheries research range from 12 to 420 kHz. Low carrier frequencies are primarily limited by transducer dimensions, while sound absorption in sea water often limits the maximum carrier frequency. In this paper, we use a Kirchhoff-ray mode model (Clay and Horne 1994) as a representative scattering model to demonstrate the dependence of echo amplitude on acoustic carrier frequency, organism length, body morphology, and angle of swimbladder relative to the incident sound wave. This model is used to calculate species-, angle-, and frequency-dependent acoustic backscatter from aquatic organisms and to guide the choice of carrier frequencies and system parameters for acoustic measurements.
Quantifying acoustic scattering
Returned echoes received at a sonar transducer are measured as pressures. Transducers used in fisheries research typically use the same elements to transmit and receive sound. Echoes returning to the transducer are said to be backscattered sound. The pressure of backscattered sound p scat (units µPa) is calculated as
where D t is the transmitting beam pattern or directivity of the transducer, D r is the receiving beam pattern of the transducer, p 0 is the on-axis source sound pressure at a reference range, R 0 , of 1 m; R is the range (units m) to the scattering object, and l bs is the scattering length (units m) of the scattering object. The combination of terms (p 0 R 0 ) is the source calibration of the sonar. Equation 1 is a form of the sonar equation and can be rearranged to provide a solution for scattering length l bs :
A variety of derived terms have been used to quantify the scattering of sound by aquatic organisms. Backscattering length, l bs , is dependent on the acoustic frequency, f, or wave number, k = 2π/λ (where λ is the wavelength, units m), the equivalent spherical radius of the organism, a (units m), L (units m), and the angle of the organism relative to the sonar beam χ (units degrees). The square of the absolute scattering length is σ bs (Clay and Medwin 1977) :
The logarithmic transformation of back scattering cross section is the target strength, TS (units dB):
where L 0 is the reference length, typically 1 m.
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The following "reduced" quantities are convenient as scattering length is often proportional to L: We compute echo amplitudes as reduced scattering lengths to standardize the effect of organism length and then convert to TS (units dB) to provide familiar units to fisheries readers.
Model structure Foote (1985) and Foote and Traynor (1988) developed an accurate and elaborate method to calculate the scattering of sound by swimbladdered fish. Clay and Horne (1994) simplified this technique by modeling a fish's body and swimbladder as a set of fluid-and gas-filled cylinders (Fig. 1) . In the original model, fish bodies and swimbladders were digitized from dorsal and lateral X-ray images (Fig. 2 ) of Atlantic cod (Gadus morhua). Either a gas-filled prolate spheroid or a lowmode cylinder solution can be used to compute the scattering .., n) of short, fluid-(body) and gas-(swimbladder) filled cylinders. χ is the aspect angle of the swimbladder measured relative to the longitudinal axis of the fish. (c) Coordinate systems used in model calculations. The ray path from the transducer and its normals form directions of the x, y, z coordinate system (solid lines). The u, v, w coordinate system is relative to the fish (broken lines).
Fig. 2. (a) Lateral and (b) dorsal X-ray images of a 323-mm, 286-g Atlantic cod (Gadus morhua).
The swimbladder is silhouetted in the body. Corresponding (c) lateral and (d) dorsal digitized images of the same cod used in the Kirchhoff-ray mode acoustic model.
© 1998 NRC Canada length of the swimbladder at the low-frequency, breathingmode resonance (Love 1978; Clay 1992) . Low-frequency, breathing-mode resonance has been used to identify species in ensembles of organisms (e.g., Greenlaw 1979; Holliday 1980; Zakharia and Sessarego 1982) , but breath-mode resonance is very dependent on organism behaviour (Feuillade and Nero 1998) and recent depth history (Sand and Hawkins 1973) . A low-mode solution for a gas-filled cylinder is used to compute the low-frequency, breathing-mode resonance. At high frequencies, L/λ > 1, sound is scattered by the top surface of the swimbladder and is independent of depth. The acoustic contrast between the top surface and the rest of swimbladder is so large that all anatomical structure below the top surface contributes little to the sound scattered by the swimbladder. We use Kirchhoff-ray approximations to compute high-frequency acoustic scattering (Foote 1985; Clay 1991) by the swimbladder and by the fish body. Backscatter from the swimbladder and fish body are then summed to estimate backscatter from the whole fish. Backscatter from nonswimbladdered aquatic organisms such as zooplankton can be estimated by omitting the backscatter from the swimbladder.
Biological influences on scattered sound
Aquatic organisms are complicated scatterers by nature of their shape (cylindrical or spheroid), deformation (curvature of the body and swimbladder), and composition (exoskeleton, muscle, bone, fat, presence and shape of swimbladder). The presence of a swimbladder is the most important factor affecting the amplitude of a returned echo. Swimbladders provide a large acoustic contrast to flesh or skeletal elements and form the major (Ն90%; Foote 1980a) source of backscattered sound in teleost fish. For typical fish lengths (1-100 cm), swimbladders scatter sound over a range of three orders of frequency magnitude (hundreds of Hz to hundreds of kHz). Acoustic scattering by a swimbladder is four or more times greater than the scattering by fish bodies at any given frequency (Fig. 3) . Frequency-dependent changes in the magnitude of backscatter for the entire fish are primarily due to the morphology of the swimbladder; oscillations in scattering magnitudes are primarily due to the fish body. As examined below, these frequency-dependent oscillations also depend on the aspect of the swimbladder relative to the incident sonar beam. At low frequencies (ca. 100-1000 Hz), backscattered sound is largely due to resonance within the swimbladder (Clay 1991 (Clay , 1992 . Variability in swimbladder resonance due to differences in swimbladder size and morphology can potentially be used to help identify fish species in acoustic data. Empirical measures of resonance scattering by swimbladdered fish have been used to identify and estimate numbers of commercial fish species (e.g., Holliday 1972; Love 1993) . This is not a common practice in fisheries research, as the resonance frequency region is lower than normal operating frequencies of fisheries echosounders. At high frequencies (>1000 Hz), sound is reflected from the upper surface of the swimbladder and is not significantly influenced by fish depth, stomach fullness, or gonad development.
A second factor influencing the amplitude of acoustic backscatter is organism length. Backscatter from a 323-mm X-rayed cod (Fig. 2) , scaled from 50 to 400 mm, was calculated using the Kirchhoff-ray mode model, converted to target strengths, and plotted as a function of frequency. Clay and Horne (1994) found that for comparative purposes, cod could be linearly scaled to a common length. Target strength generally increases with increasing frequency and length of an animal (Fig. 4) . The overall "shape" of the scattering curve is due to backscatter by the swimbladder. Transition from resonant to geometric scattering by the swimbladder occurs below 1 kHz. Comparison of the 50-400 mm scattering curves illus- trates how the influence of the fish body on the scattering curve increases as fish length increases.
The frequency dependence of scattering amplitude on organism length is also observed among non-swimbladdered animals. The Kirchhoff-ray mode model can be used to estimate backscatter from non-swimbladdered fish or zooplankton. As an example, acoustic backscatter of a 60-mm decapod zooplankter was estimated at three lengths and plotted as a function of frequency (Fig. 5) . Reduced scattering lengths of zooplankton are an order of magnitude lower than those of swimbladdered fish (Fig. 4) and do not contain frequencydependent, small-amplitude oscillations present in the scattering curves of fish. The general monotonic increase in backscatter with increasing fish length does not occur across all frequencies for zooplankton.
The angle of an organism's swimbladder relative to the incident sound wave affects scattering amplitudes at all frequencies. Midttun (1984) reviews studies that cite the dependence of target strength on fish aspect angle. Olsen (1977) and Foote (1980b) have developed models to predict mean target strength of Atlantic cod based on fish aspect distributions and transducer beam patterns. Swimbladder angles typically differ from fish body aspects by 5-10° (see Fig. 1 ). For example, the swimbladder in the 323-mm cod deviates 5°f rom horizontal with the posterior end of the swimbladder pointed downward (Fig. 2) . Reduced scattering lengths of the 323-mm cod scaled to 150 mm were computed for L/λ values of 1, 4, 12, and 20 and plotted as a function of aspect angles ranging from -25° to 15° (Fig. 6) . The swimbladder is perpendicular to the incident sound wave at -5° from horizontal. At low L/λ values, scattering amplitudes are almost independent of aspect angle. As L/λ values increase, scattering lengths become more dependent on aspect and peak when the swimbladder is perpendicular to the acoustic wavefront. At L/λ = 20, scattering lengths range from 0.01 to 0.12, which is equivalent to a target strength change of 20 dB. Insonifying a single animal that varies its aspect or insonifying an aggregation of animals oriented at a variety of angles will result in a distribution of echo amplitudes.
In mobile surveys, it should be noted that the combination Stanton (1982) found that echo amplitudes of a fish at 400 m deviated by as much as 64% for a 5°beamwidth transducer but only 1.4% for a 40°beamwidth transducer. For any individual fish, this bias diminishes at lower frequencies as L/λ decreases. It may be possible to use data from multiple or broadband sonars to determine aspect deviation of insonified targets by comparing target strengths to L/λ ratios (cf. Furusawa and Miyanohana 1990) . Repeated measures of a single fish at different aspects produces a PDF of scattering lengths. We tabulated the probability of reduced scattering lengths for a 323-mm cod over a uniformly distributed range of angles from -25° to 15° for the five common fisheries acoustic frequencies (Fig. 7) . In general, the range of scattering lengths with a probability of occurring greater than 4% (arbitrary level) increases with an increase in acoustic carrier frequency. This is attributed to larger differences in scattering amplitudes as the swimbladder aspect deviates (positive or negative) from horizontal at higher frequencies (see Fig. 6 ). These empirical probability distributions could also be modeled using a theoretical Rician PDF. Clay and Heist (1984) use the mean backscattering cross section σ bs and γ to parameterize Rician PDFs of fish backscatter. γ is the ratio of the concentrated or mean backscattering cross section σ bs to the distributed or random component of the backscattering cross section σ d :
The value of γ has been shown to depend on fish morphology, behaviour, and L/λ. Values of small fish are larger than those of large fish. As L/λ increases, γ decreases and tends to zero for L/λ > 12. Rician PDFs have been used to model the distribution of echo amplitudes in decapod shrimp (Wiebe et al. 1990) and to compare γ values from zooplankton ) and fish (Trevorrov 1996) aggregations. A reason for using theoretical PDFs for descriptions of echo amplitudes is that, if target species and behaviour are known, comparison of echo statistics such as γ from multiple frequencies may provide a way to differentiate among targets in acoustic survey data (Jech et al. 1995) .
To summarize factors influencing acoustic backscatter of swimbladdered fish, target strengths of the scaled 150-mm Atlantic cod were plotted as a function of the ratio of organism length to acoustic wavelength and aspect angle (Fig. 8) . Unless a fish's swimbladder is near orthogonal (90 ± 2°) to the face of the transducer, target strengths decrease as L/λ increases (Fig. 8a) . The drop in target strengths is nonmonotonic and decreases three and one-third times the maximum (i.e., 20 dB) over a L/λ range of 1-20. The dependence of target strength on swimbladder aspect is emphasized by rotating the three-dimensional mesh diagram (Fig. 8b) . As χ deviates from horizontal, target strengths decrease. Decreases 
Acoustic constraints
Organism behaviour combined with variation in morphology complicates the calculation of organism lengths from target strengths (Nakken and Olsen 1977; Huang and Clay 1980; Ehrenberg et al. 1981 ) and potentially influences precision in estimates of organism number or biomass (Hawkins 1981) . Exclusive reliance on empirical backscatter measurements in a regression equation does not ensure accurate conversion of acoustic sizes to organism lengths. An implicit assumption in this approach is that animals insonified by the echosounder are within the same length range used to determine the statistical relationship between fish length and amplitude of returned echo. The range of target strengths that can be converted to fish lengths should not be extrapolated beyond the limits of data used to establish the relationship. A second common assumption is that statistical relationships between echo amplitudes and fish lengths are independent of acoustic frequency. We have shown that backscatter amplitudes are dependent on fish species, fish aspect, fish length, and acoustic carrier frequency. Theoretical acoustic models of swimbladdered and non-swimbladdered organisms are needed to explain variability in backscatter measurements, to improve estimation of animal length from acoustic target size, and to improve target recognition and discrimination among types of acoustic backscatterers (e.g., swimbladdered from nonswimbladdered organisms).
The conversion of single-frequency acoustic sizes to organism lengths is also constrained by the ability of sonars to resolve single targets. Resolution of single targets depends on effective pulse duration, sonar beam width, the speed of sound in water, and organism density. Many species of aquatic organisms shoal or school at densities too high to acoustically discriminate among individuals (Dickie et al. 1983) . In this situation, individuals on the periphery of an aggregation are often used to tabulate a length-frequency distribution of the group. This frequency distribution is used in a regression equation to estimate lengths and densities of organisms within an aggregation (e.g., Haslett 1969; Holliday and Pieper 1980; Ehrenberg et al. 1981 ). This approach assumes that the type and length-frequency distribution of organisms at the periphery matches that of individuals within the aggregation. This may not always be the case. Rose (1993) found that aggregations of migrating Atlantic cod were structured by fish length.
One way to resolve and size organisms within aggregations is to use multifrequency or broadband sonars and highresolution signal processing (Holliday et al. 1989 ). Multifrequency sonars measure scattering amplitudes over a range of discrete frequencies, while broadband systems measure backscatter over a continuous frequency range and decompose echos into spectral components. Resolution of a target is based on the frequency-dependent relationship between target size and magnitude of returned echo (Holliday 1972 (Holliday , 1980 . Acoustic scatter models can be combined with multifrequency or broadband data in the inverse approach to estimate length distributions of acoustic targets (e.g., Horne and Jech 1998) . The inverse approach uses backscatter amplitudes from a known population to model types and length distributions of acoustic scatterers. This reference set is then used to estimate the abundance of animals in the water column. Integrated multifrequency sounder data have been used with the inverse approach to determine length-frequency distributions of zooplankton (Greenlaw 1979; Holliday 1980; Holliday et al. 1989; Pieper et al. 1990 ) and small fish (Johnson 1977b; Holliday 1980) , to separate fish length distributions from those of plankton (Saetersdal et al. 1984; Cochrane et al. 1991) , and in an attempt to classify fish by species (Zakharia and Sessarego 1982) .
The number and type of sonar frequencies chosen for fisheries research is often constrained by hardware that is currently available, or by funds available to purchase new equipment. The complexity of choosing the right equipment is compounded when the geographic area of interest contains Plot was rotated to emphasize changes in target strength as fish aspect deviates from horizontal. Maximum target strength is at -5°, which corresponds to the aspect of the swimbladder relative to the longitudinal axis of the fish (see Figs. 2a and 2c ).
© 1998 NRC Canada more than one fish species in single or multispecies aggregations. We suggest three primary factors be assessed when choosing carrier frequencies for bioacoustic research: (1) Presence of a swimbladder. If the species of interest does not have a swimbladder then the frequency that robustly maximizes backscattering amplitudes should be used to survey distributions. The presence of a swimbladder shifts the focus of frequency choice to the expected length and aspect distributions of the species of interest. (2) Organism length. To avoid bias in acoustic backscatter measures and to aid in species identification of acoustic targets, frequencies should be chosen to restrict values of L/λ from 2 to 10. (3) Organism behaviour. Shoaling and aspect angle are two behaviours that have large effects on backscatter amplitudes. If organisms shoal or school in single or multispecies aggregations, then multifrequency or broadband sonar systems combined with the inverse approach can be used to resolve and identify individual acoustic targets. When using single-frequency systems, sampling should be conducted when organisms are dispersed in the water column. If the species of interest has a wide distribution of aspect angles, the organism length to wavelength ratio should approximate 2 to minimize the dependence of scattering amplitude on aspect angle.
